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ThermalAbstract In this study, we prepared three polymer-anchored Schiff base ligands and their Cu(II),
Co(II) and Ni(II) transition metal complexes. For this purpose, we synthesized three Schiff base
ligands from the reaction of 2,4-dihydroxybenzaldehyde with diamines in the ethanol solution
and characterized by the analytical and spectroscopic methods. We investigated the electrochemical
and photophysical properties of the free Schiff base ligands in different solvents and concentrations.
In the electrochemical studies, we found that the ligands show the reversible and irreversible redox
processes. In order to obtain the polymer-anchored ligands, we used Merriﬁeld’s peptide resin (PS)
as solid support. The surface morphologies of the polymer anchored Schiff base ligands were done
with the scanning electron microscopy (SEM). We did alkene epoxidation and alkane oxidation
reactions of the metal complexes and used the cyclohexene, styrene, cyclohexane and cyclooctane
as the substrate and they show the low catalytic activity. The metal complexes have no selectivity
in the oxidation reactions. The polymer anchored Schiff base ligands and their metal complexes
have high thermal stability at the higher temperatures.
ª 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is
an open access article under theCCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The oxidation of the organic compounds is one of the most
important cycle reactions in industrial chemistry. The immobi-
lization of the homogeneous catalysts onto the solid supports
supplies potential for enlarging the utilities of the heteroge-
neous catalysts to the homogeneous systems. In addition to
inorganic supports (Das and Clark, 2000; Kockritz et al.,
2006), the polymeric supports have attained care because they
are inert, nontoxic, nonvolatile, insoluble, and oftenhemical,
Figure 1 Proposed structures of the synthesized Schiff base ligands.
2 T. Erkenez, M. Tu¨merrecyclable. Chloromethylated polystyrene crosslinked with
divinylbenzene is one of the most extensively used supports.
Disadvantages of its use cover the possible leaching of the
active metal and a decrease in the activity onto recycling.
The leaching problem can be solved by using chelating ligands
(Antony et al., 2000; Wang et al., 2000). Ruthenium- and
cobalt-immobilized complexes have the advantage of better
distanciation from the product (Lei, 2000). Several polymer-
anchored Schiff base catalysts have been reported (De et al.,
1994). For the oxidants, many types have been used, such as
molecular oxygen (Gauli et al., 2005), iodosylbenzene (Che
et al., 1987) and oxone (Khan et al., 1991).
The polymer-anchored coordination complexes have large-
scale interest due to their extensive application ﬁeld. Transition
metal complexes on polymer support have indicated various
uses in organic synthesis (Roice et al., 2000; Ficht et al.,
2001), curing agent for epoxy resin (Otaigbe et al., 1998), asPlease cite this article in press as: Erkenez, T., Tu¨mer, M. Polymer-anchoring Schiﬀ
photoluminescence, thermal and catalytic properties. Arabian Journal of Chemistrycatalyst (Maurya et al., 2008), as ion exchanger (Phillips and
Fritz, 1982), etc. This technique of immobilization on an inert
support has ground much care due to their simple separation
from the reaction mixture arriving to operational ﬂexibility,
selectivity, efﬁciency, stability and ease of handling and econ-
omy in various industrial processes. Insoluble polymer sup-
ports are more typically used as inert support for
immobilizing the transition metal over cross-linked
chloromethylated polystyrene (Merriﬁeld, 1963), poly(hydroxy
lethylmethacrylate), poly(glycidylmethacrylate) (Sasaki and
Matsunaga, 1968) and silica (Liu et al., 2001). Among organic
polymers polystyrene has been prevalently used as support
within a wide variety of functional groups coupled in it to bind
the metal into the polymer. Cross-linked polystyrene with
speciﬁc properties is rather used as catalyst as they are inert,
non-volatile, non-toxic and recyclable. Polymer-anchored
metal catalysts are known to catalyze various reactions:base ligands and their metal complexes: Investigation of their electrochemical,
(2015), http://dx.doi.org/10.1016/j.arabjc.2015.04.026
Figure 2 The proposed structures of the metal complexes.
Figure 3 (a and b) The 1H NMR (a) and 13C NMR spectra (b) of the H2L
3 and H2L
1 Schiff base ligands, respectively.
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4 T. Erkenez, M. Tu¨merepoxidation of alkanes and alkenes (Patel et al., 2003; Antony
et al., 2000), oxidation of aromatic alcohols (Valodkar et al.,
2004), hydrogenation of alkenes (Takahashi et al., 2005),
reduction of ketones and nitriles (Valodkar et al., 2003), etc.
In this study, we prepared three Schiff base ligands H2L
1–
H2L
3 from the reaction of the 2,4-dihydroxybenzaldehyde with
the 1,4-diaminobutane, 1,4-diaminobenzene and trans-1,4-
diaminocyclohexane. We obtained the polymer supported
Schiff base ligands from the reactions of the Schiff bases and
Merriﬁeld’s peptide resin. Then, we obtained their Co(II),
Cu(II) and Ni(II) complexes. All compounds were character-
ized by the spectroscopic and analytical methods. We did
alkane oxidation and alkene epoxidation reactions of the poly-
mer transition metal complexes. The morphologies of the poly-
mer supported ligands and their metal complexes were
investigated by the scanning electron microscopy.Figure 4 (a and b) Mass spectra of the Schiff base ligands H2L
1
(a) and H2L
2 (b).2. Experimental
2.1. Materials and measurements
All reagents and solvents were of reagent-grade quality and
obtained from commercial suppliers (Aldrich or Merck).
Carbonyl compounds, solid support, CuCl2Æ2H2O,
CoCl2Æ6H2O and NiCl2Æ6H2O were purchased from Aldrich.
Elemental analyses (C, H, N) were performed using a LECO
CHNS 932. Infrared spectra were obtained using KBr disk
(4000–400 cm1) on a Perkin Elmer Spectrum 100 FT-IR.
The electronic spectra in the 200–900 nm range were obtained
on a Perkin Elmer Lambda 45 spectrophotometer. Mass spec-
tra of the ligands were recorded on a LC/MS APCI AGILENT
1100 MSD spectrophotometer. 1H and 13C NMR spectra were
recorded on a Bruker 400 MHz instrument. TMS was used as
internal standard and CDCl3 as solvent. The thermal analysis
studies of the compounds were performed on a Perkin Elmer
STA 6000 simultaneous Thermal Analyzer under nitrogen
atmosphere at a heating rate of 10 C/min.
The single-photon ﬂuorescence spectra of the Schiff base
compounds H2L
1–H2L
3 were collected on a Perkin Elmer
LS55 luminescence spectrometer. All samples were prepared
in spectrophotometric grade solvents and analyzed in a 1 cm
optical path quartz cuvette. The solutions of ligands
(1.0 · 103–1.0 · 107 mol L1) were prepared in DMF sol-
vent. To investigate the solvent effect on the photolumines-
cence spectra of the ligands, the DMF, CH3CN, EtOH and
MeOH solutions (1.0 · 103 mol L1) of the compounds were
used.
The microwave experiments were carried out in a Berghof
MWS3+(Germany) oven equipped with pressure and temper-
ature control. Microwave experiments were done in closed
DAP60 vessels. The reaction products were characterized
and analyzed by using Perkin Elmer Clarus 600 GC (USA)
equipped with MS detector ﬁtted with Elite-5 MS and FID
detector ﬁtted with BPX5 capillary columns. In the catalytic
studies, the internal standard has not been used.
A stock solution of a concentration of 1 · 10–3 M and
1 · 10–4 M of Schiff base compounds was prepared in DMF
for electrochemical studies. Cyclic voltammograms were
recorded on a Iviumstat Electrochemical workstation
equipped with a low current module (BAS PA-1) recorder.
The electrochemical cell was equipped with a BAS glassyPlease cite this article in press as: Erkenez, T., Tu¨mer, M. Polymer-anchoring Schiﬀ
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iliary electrode and a Ag+/AgCl reference electrode ﬁlled with
tetrabutylammonium tetraﬂuoroborate (0.1 M) in DMF and
CH3CN solution and adjusted to 0.00 V vs SCE. Cyclic
voltammetric measurements were made at room temperature
in an undivided cell (BAS model C-3 cell stand) with a plat-
inum counter electrode and an Ag+/AgCl reference electrode
(BAS). All potentials are reported with respect to Ag+/AgCl.
The solutions were deoxygenated by passing dry nitrogen
through the solution for 30 min prior to the experiments,
and during the experiments the ﬂow was maintained over the
solution. Digital simulations were performed using DigiSim
3.0 for windows (BAS, Inc.). Experimental cyclic voltammo-
grams used for the ﬁtting process had the background sub-
tracted and were corrected electronically for ohmic drop.
Mettler Toledo MP 220 pH meters were used for the pH mea-
surements using a combined electrode (glass electrode refer-
ence electrode) with an accuracy of ±0.05 pH.
2.2. Preparation of the Schiff base ligands H2L
1–H2L
3
The Schiff base ligands were prepared according to the similar
methods (Tu¨mer, 2011). 2,4-Dihydroxybenzaldehyde (2 mmol,
350 mg) in ethanol (20 mL, anhydrous) and 1,4-
diaminobutane (H2L
1, 1 mmol, 88 mg), 1,4-diaminobenzene
(H2L
2, 1 mmol, 108 mg) and trans-1,4-diaminocyclohexane
(H2L
3, 1 mmol, 114 mg) in ethanol (20 mL) were mixed and
reﬂuxed for about 4 h at 85 C. The color of the solution chan-
ged to another colors. After cooling the solution, the resultingbase ligands and their metal complexes: Investigation of their electrochemical,
(2015), http://dx.doi.org/10.1016/j.arabjc.2015.04.026
Polymer-anchoring Schiff base ligands and their metal complexes 5precipitate was ﬁltered and washed with cold ethanol. The
ligands were recrystallized from the ethanol solution.
2.2.1. H2L
1
Color: Brown, yield: 98%, melting point: 230 C, M.W:
328 g/mol. Elemental analyses: % Found (% Calcd.): C,
64.57 (65.84); H, 5.96 (6.14); N, 7.78 (8.53). FT-IR (KBr,
cm1): 3250 m(OH), 1644 m(CH‚N), 1357 m(CAOH). UV–
Vis (kmax, nm, DMF, 1 · 103 M): 387, 316. 1H NMR (d,
ppm, DMSO-d6): 1.64–3.53 (8H, m, CH2), 6.14–7.14 (6H, m,
ArAH), 8.32 (2H, s, CH‚N), 13.97 (4H, s, OH). 13C NMR
(d, ppm, DMSO-d6): 28.51–56.56 (CH2), 102.86–165.17
(ArAC), 166.14 (CH‚N). LC-MS (e/m): 329 [M+ 1]+
(100%), 250 [C13H18N2O3]
+ (50%), 249 [C13H17N2O3]
+
(80%).
2.2.2. H2L
2
Color: Orange, yield: 92%, melting point: 290 C, M.W:
348 g/mol. Elemental analyses: % Found (% Calcd.): C,
67.32 (68.96); H, 4.74 (4.63); N, 7.95 (8.04). FT-IR (KBr,
cm1): 3250 m(OH), 1640 m(CH‚N), 1354 m(CAOH). UV–
Vis (kmax, nm, DMF, 1 · 103 M): 238, 313, 362, 425. 1H
NMR (d, ppm, DMSO-d6): 6.25–7.45 (10H, m, ArAH), 8.84Table 1 Electrochemical data of the free Schiff base ligands.
Compound Concentration Solvent Scan rate (mV/s) E
H2L
1 1 · 103 DMF 100 
250 
500 
750 
1000 
H2L
1 1 · 104 DMF 100 
250 0
500 0
750 0
1000 
H2L
2 1 · 103 DMF 100 
250 
500 
750 
1000 
H2L
2 1 · 104 DMF 100 
250 
500 0
750 
1000 
H2L
3 1 · 103 DMF 100 
250 
500 
750 
1000 
H2L
3 1 · 104 DMF 100 
250 
500 
750 
1000 
Supporting electrolyte: tetrabutylammonium tetraﬂuoroborate (0.1 M). A
anodic and cathodic potentials, respectively. E1/2 = 0.5 · (Epa + Epc) and
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DMSO-d6): 32.18–54.84 (CH2), 102.86–162.96 (ArAC),
163.51 (CH‚N). LC-MS (e/m): 349 [M+ 1]+ (100%), 299
[C16H15N2O4]
+ (30%), 203 [C12H13NO2]
+ (88%).
2.2.3. H2L
3
Color: Yellow, yield: 90%, melting point: 280 C, M.W.:
354 g/mol. Elemental analyses: % Found (% Calcd.): C,
65.66 (65.78); H, 6.20 (6.26); N, 7.08 (7.90). FT-IR (KBr,
cm1): 3500 m(OH), 1633 m(CH‚N), 1353 m(CAOH). UV–
Vis (kmax, nm, DMF, 1 · 103 M): 258, 305, 387. 1H NMR
(d, ppm, DMSO-d6): 1.04–3.70 (10H, m, CH2), 6.16–7.19
(6H, m, ArAH), 8.40(2H, s, CH‚N), 13.97 (4H, s, OH). 13C
NMR (d, ppm, DMSO-d6): 32.51–64.31 (CH2), 103.08–
133.78 (ArAC), 165.40 (CH‚N). LC-MS (e/m): 355
[M+ 1]+ (100%), 203 [C12H13NO2]
+ (32%).
2.3. Synthesis of polymer-anchored Schiff bases H2L
1–H2L
3
Merriﬁeld peptide resin (PS) (3.9 mmol of Cl per g of resin and
2% cross-linked with divinylbenzene) (2.0 g) was allowed to
swell in DMF (40 mL) for 1 h. To this a solution of the
Schiff bases H2L
1–H2L
3 (3.28 g, 10.0 mmol, 3.48 g, 10.0 mmol,pa (V) Epc (V) E1/2 (V) DEp (V)
0.40, 0.49 0.82, 0.22 – 0.22
0.38, 0.65 0.85, 0.24 – 0.14
0.82, 0.30, 0.52 0.84, 0.02, 1.37 – 0.54
0.37, 0.89 0.78, 1.06 – 0.11
0.33, 0.95 0.75, 1.16 – 0.20
0.84, 0.04 0.49, 1.27 – 0.35
.03 0.67, 0.49, 1.12 – 0.52
.08 0.41, 0.50 – 0.33
.08 0.28, 0.51 – 0.20
0.69, 0.17 0.28, 0.47 – 0.17
0.16, 0.56 0.39, 1.35 – 0.23
0.24, 0.58, 0.50, 1.54 – 0.26
0.51 0.33, 0.51, 1.12 0.51 0.00
0.53 0.36, 0.49, 1.33 – 0.04
0.51, 0.21, 1.46 – 0.72
0.16 0.26, 1.36 – 0.10
0.21 0.62, 0.32, 1.42 – 0.11
.34 0.31, 0.36, 1.51 – 0.03
0.59 0.29, 1.13 – 0.09
0.57 0.25, 1.12 – 0.54
0.41 0.52, 1.41 – 0.38
0.62 0.51, 0.59, 1.50 – 0.03
0.58 0.33, 0.57, 1.54 0.58 0.01
0.49 0.36, 0.56 – 0.07
0.42 0.09, 0.57 – 0.15
0.07 1.37 – 1.30
0.51 0.60, 1.44 – 0.75
0.28 0.45, 1.44 – 0.71
0.47 0.35, 1.35 – 0.82
0.46 0.29, 1.41 – 0.75
ll the potentials are referenced to Ag+/AgCl; where Epa and Epc are
DEp = Epa  Epc.
base ligands and their metal complexes: Investigation of their electrochemical,
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6 T. Erkenez, M. Tu¨mer3.54 g, 10.0 mmol, respectively) in the methanol (25 mL) and
DMF (15 mL) was added. Methanol (50 mL) and triethy-
lamine (2 mL) were then added to the mixture. The mixture
was heated under reﬂux for 48 h while stirring magnetically.
The color of the polymers changed from yellow to brown or
unchanged. The mixture was cooled and the polymer-
anchored Schiff bases were ﬁltered, washed several times with----------H2L1; ---------PS-H2L1; ----------PS
----------H2L3; ---------PS-H2L3; ---------
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Figure 5 (a and b) Infrared spectra of the free Schiff bases H2L
1 an
metal complexes.
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and then dried in a vacuum desiccator at room temperature.
2.3.1. PS-H2L
1
Color: Brown, yield: 82%, m.p.: >250 C. Elemental analyses:
% Found: C, 66.74; H, 6.24; N, 1.97. FT-IR (KBr, cm1): 3024
m(OH), 1643 m(CH‚N), 1224 m(CAOH).-L1-Co; -------PS-L1-Cu; --------PS-L1-Ni
-PS-L3-Co; -------PS-L3-Cu; --------PS-L3-Ni
1600 1400 1200 1000 800 600 450.0
m-1
1600 1400 1200 1000 800 600 450.0
-1
d H2L
3 with their polymer anchored-ligands and their transition
base ligands and their metal complexes: Investigation of their electrochemical,
(2015), http://dx.doi.org/10.1016/j.arabjc.2015.04.026
(a) 1.0x10-3 M DMF   
(b) 1.0x10-4 M DMF
Figure 6 (a and b) Cyclic voltammograms of the Schiff base
ligands H2L
1 (a) and H2L
3 (b) at different scan rates and in
1.0 · 103 M and 1.0 · 104 M DMF solution.
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2
Color: Brown, yield: 84%, m.p.: >250 C. Elemental analyses:
% Found: C, 65.10; H, 5.54; N, 2.46. FT-IR (KBr, cm1): 3218
m(OH), 1598 m(CH‚N), 1238 m(CAOH).
2.3.3. PS-H2L
3
Color: Yellow, yield: 62%, m.p.: >250 C. Elemental analy-
ses: % Found: C, 67.45; H, 5.77; N, 1.73. FT-IR (KBr,
cm1): 3024 m(OH), 1641 m(CH‚N), 1209 m(CAOH).
2.4. Co(II), Cu(II) and Ni(II) complexes of polymer-anchored
Schiff bases
Polymer-anchored Schiff bases (0.5 g) were suspended in
methanol (25 mL) and nitrogen gas was passed through the
mixture for 4 h. A hot methanolic solution (40 mL) of
cobalt(II), copper(II) and nickel(II) salts (1.0 g, 4 mmol) was
ﬂushed with N2 and was then added to the polymer suspen-
sion. The mixture was heated under reﬂux in nitrogen atmo-
sphere while stirring magnetically for 8 h. The mixture was
cooled to room temperature. The resin was suction ﬁltered,
washed with methanol and acetone and dried in a vacuum des-
iccator at room temperature.
2.4.1. PS-L1-Co(II)
Color: Brown, yield: 30%, m.p.: >250 C. Elemental analyses:
% Found: C, 77.59; H, 6.709; N, 0.717. FT-IR (KBr, cm1):
3025 m(H2O), 1600 m(CH‚N), 1213 m(CAO), 545 m(MAO),
450 m(MAN).
2.4.2. PS-L1-Cu(II)
Color: Brown, yield: 27%, m.p.: >250 C. Elemental analyses:
% Found: C, 72.43; H, 6.282; N, 1.142. FT-IR (KBr, cm1):
3020 m(H2O), 1600 m(CH‚N), 1264 m(CAO), 540 m(MAO),
453 m(MAN).
2.4.3. PS-L1-Ni(II)
Color: Brown, yield: 23%, m.p.: >250 C. Elemental analyses:
% Found: C, 80.32; H, 6.931; N, 0.380. FT-IR (KBr, cm1):
3024 m(H2O), 1600 m(CH‚N), 1264 m(CAO), 548 m(MAO),
442 m(MAN).
2.4.4. PS-L2-Co(II)
Color: Brown, yield: 60%, m.p.: >250 C. Elemental analyses:
% Found: C, 65.10; H, 4.070; N, 1.288. FT-IR (KBr, cm1):
3025 m(H2O), 1600 m(CH‚N), 1264 m(CAO), 537 m(MAO),
446 m(MAN).
2.4.5. PS-L2-Cu(II)
Color: Brown, yield: 63%, m.p.: >250 C. Elemental analyses:
% Found: C, 60.08; H, 2.640; N, 1.232. FT-IR (KBr, cm1):
3025 m(H2O), 1600 m(CH‚N), 1264 m(CAO), 542 m(MAO),
447 m(MAN).
2.4.6. PS-L2-Ni(II)
Color: Brown, yield: 50%, m.p.: >250 C. Elemental analyses:
% Found: C, 49.82; H, 5.269; N, 1.417. FT-IR (KBr, cm1):
3021 m(H2O), 1601 m(CH‚N), 1213 m(CAO), 546 m(MAO),
452 m(MAN).Please cite this article in press as: Erkenez, T., Tu¨mer, M. Polymer-anchoring Schiﬀ
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Color: Brown, yield: 70%, m.p.: >250 C. Elemental analyses:
% Found: C, 72.20; H, 7.318; N, 0.70. FT-IR (KBr, cm1):
3024 m(H2O), 1599 m(CH‚N), 1230 m(CAO), 535 m(MAO),
438 m(MAN).
2.4.8. PS-L3-Cu(II)
Color: Brown, yield: 80%, m.p.: >250 C. Elemental analyses:
% Found: C, 68.75; H, 6.65; N, 0.70. FT-IR (KBr, cm1): 3024
m(H2O), 1583 m(CH‚N), 1264 m(CAO), 540 m(MAO), 445
m(MAN).
2.4.9. PS-L3-Ni(II)
Color: Brown, yield: 65%, m.p.: >250 C. Elemental analyses:
% Found: C, 74.13; H, 7.40; N, 0.90. FT-IR (KBr, cm1): 3024
m(H2O), 1639 m(CH‚N), 1209 m(CAO), 543 m(MAO), 447
m(MAN).
2.5. Alkane oxidation and alkene epoxidation under microwave
irradiation
Alkane oxidation and alkene epoxidation studies were done by
the similar methods. The catalytic studies of cyclohexane,
cyclooctane, cyclohexene and styrene under microwave irradi-
ation were performed as follows: 0.02 mmol catalyst, 2 mmol
substrate (Carlo Erba, 99.8%), and 4 mmol H2O2 (Merck,
35%) were microwaved for 60 min at 400 W (40% ofbase ligands and their metal complexes: Investigation of their electrochemical,
(2015), http://dx.doi.org/10.1016/j.arabjc.2015.04.026
Table 2 Emission and excitation spectral data of the Schiff base compounds H2L
1–H2L
3 in different solvents and concentrations.
Compound Concentration (M) Solvent Excitation (nm) Emission (nm) Stokes shift (nm)
H2L
1 1 · 103 CH3CN 559 660 101
H2L
1 1 · 104 CH3CN 558 661 103
H2L
1 1 · 105 CH3CN 558 662 104
H2L
1 1 · 106 CH3CN 559 661 102
H2L
1 1 · 107 CH3CN 574 660 86
H2L
1 1 · 103 DMF 548 678 130
H2L
1 1 · 104 DMF 547 665 118
H2L
1 1 · 105 DMF 555 660 115
H2L
1 1 · 106 DMF 574 645 71
H2L
1 1 · 107 DMF 547 645 71
H2L
1 1 · 103 EtOH 549 610 61
H2L
1 1 · 104 EtOH 548 611 63
H2L
1 1 · 105 EtOH 547 612 65
H2L
1 1 · 106 EtOH 550 612 62
H2L
1 1 · 107 EtOH 551 612 61
H2L
1 1 · 103 MeOH 548 664 116
H2L
1 1 · 104 MeOH 548 666 118
H2L
1 1 · 105 MeOH 547 665 118
H2L
1 1 · 106 MeOH 551 662 111
H2L
1 1 · 107 MeOH 547 665 118
H2L
2 1 · 103 CH3CN 574 640 66
H2L
2 1 · 104 CH3CN 552 659 107
H2L
2 1 · 105 CH3CN 552 646 94
H2L
2 1 · 106 CH3CN 550 660 110
H2L
2 1 · 107 CH3CN 554 660 106
H2L
2 1 · 103 DMF 548 639 91
H2L
2 1 · 104 DMF 549 639 90
H2L
2 1 · 105 DMF 549 642 93
H2L
2 1 · 106 DMF 547 642 91
H2L
2 1 · 107 DMF 548 642 94
H2L
2 1 · 103 EtOH 549 608 59
H2L
2 1 · 104 EtOH 550 612 62
H2L
2 1 · 105 EtOH 546 612 66
H2L
2 1 · 106 EtOH 548 611 63
H2L
2 1 · 107 EtOH 549 612 63
H2L
2 1 · 103 MeOH 548 664 116
H2L
2 1 · 104 MeOH 548 663 115
H2L
2 1 · 105 MeOH 545 665 120
H2L
2 1 · 106 MeOH 546 660 114
H2L
2 1 · 107 MeOH 550 660 110
H2L
3 1 · 103 CH3CN 555 660 105
H2L
3 1 · 104 CH3CN 551 659 108
H2L
3 1 · 105 CH3CN 555 660 105
H2L
3 1 · 106 CH3CN 549 665 116
H2L
3 1 · 107 CH3CN 556 661 105
H2L
3 1 · 103 DMF 547 675 128
H2L
3 1 · 104 DMF 546 660 114
H2L
3 1 · 105 DMF 546 644 98
H2L
3 1 · 106 DMF 545 642 97
H2L
3 1 · 107 DMF 547 643 96
H2L
3 1 · 103 EtOH 547 611 64
H2L
3 1 · 104 EtOH 535 611 76
H2L
3 1 · 105 EtOH 549 612 63
H2L
3 1 · 106 EtOH 550 612 62
H2L
3 1 · 107 EtOH 550 612 62
H2L
3 1 · 103 MeOH 545 663 118
H2L
3 1 · 104 MeOH 545 665 120
H2L
3 1 · 105 MeOH 545 663 118
H2L
3 1 · 106 MeOH 549 665 116
H2L
3 1 · 107 MeOH 547 665 118
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Figure 7 (a and b) The ﬂuorescence emission (a) and excitation
Polymer-anchoring Schiff base ligands and their metal complexes 9maximum output power). The catalyst:substrate:oxidant ratio
was 1:100:200. The complexes were dissolved in 5 mL acetoni-
trile and substrate and H2O2 were added to the microwave ves-
sels, for each oxidation experiment. After the vessels were
immediately closed, they were placed inside the Berghof
MWS3 + microwave oven and irradiated at 400 W for
60 min. The temperature was controlled automatically by the
microwave instrument at about 140 C. However, for some
short times, it increased to 150–160 C during the reaction
and consequently, the pressure also increased to 30–35 bar
due to the evaporation of solvent and substrate. In order to
stop the oxidation before analysis, 1 mL H2O was added in
the vessels and the oxidized organic products, except organic
acids, were extracted with 10 mL CH2Cl2 and injected to GC
and GC–MS for analysis and characterization. The amounts
of CyH, CyAOH, Cy‚O, CyON, CyONAOH, CyON‚O,
cyclohexane epoxide and styrene epoxide present were calcu-
lated from external calibration curves that were prepared
before analyses.
3. Results and discussions
In this study, the Schiff base ligands were synthesized from the
reaction of the diamines 1,4-diamino butane, 1,4-
diaminobenzene and trans-1,4-diaminocyclohexane with 1,4-
dihydroxy benzaldehyde in the ethanol solution. The proposed
structures of the Schiff base ligands and their polymer-
anchored derivatives are given in Fig. 1. The imines prepared
are formed in nearly quantitative yields and are of high purity.
All compounds are very stable at room temperature in the
solid state. The yields of the complexes (Fig. 2) are lower than
those of the ligands. Further stirring and heating did not
increase the yield of the complexes containing polymer-
anchoring groups. The low yields may be due to the steric hin-
drance around the coordination center. All the ligands are sol-
uble in common organic solvents such as CHCl3, EtOH,
MeOH, THF. The results of the elemental analyses are in con-
sistent with the composition suggested for the ligands and their
metal complexes.
In order to characterize of the Schiff base ligands, as differ-
ent from the analytical methods, the spectroscopic techniques
were also used. The 1H(13C)-nmr, FTIR, electronic and mass
spectral data are given in the experimental section. The 1H
NMR and 13C NMR spectra of the H2L
1 and H2L
3 Schiff base
ligands are shown in Fig. 2. The OH groups on the salicylidene
moiety increase the electron density of the aromatic rings, due
to the mesomeric effect. In Schiff base ligands H2L
1–H2L
3,
there is the proton donor OH group and one proton acceptor
group in the ortho position. Due to the presence of the OH
groups in ortho position to imine group, formation of a few
intramolecular hydrogen bonds is possible. It is important to
emphasize the 1H resonance of the OAH group in the 13.89–
13.97 ppm range. The signal due to the OH proton disappears
in D2O solution. The imine protons of the ligands were shown
in the 8.84–8.32 ppm range. The signals in the 6.14–7.45 ppm
range may be assigned to the protons of the aromatic rings.
The multiplets in the 1.04–3.70 ppm range can be attributed
to the protons of the aliphatic CH2 groups. In the
13C NMR
spectra of the ligands, the azomethine carbon atoms were
shown in the 163.51–165.40 ppm range. The signals in the
102.86–165.17 ppm range can be attributed to the aromaticPlease cite this article in press as: Erkenez, T., Tu¨mer, M. Polymer-anchoring Schiﬀ
photoluminescence, thermal and catalytic properties. Arabian Journal of Chemistryring carbon atoms. The aliphatic carbon atoms of the ligands
H2L
1 and H2L
3 were shown in the 28.51–64.31 ppm range.
The formulation of the ligands is deduced from analytical
data, 1H and 13C NMR and further supported by mass spec-
troscopy. Mass spectra of the Schiff base ligands H2L
1 and
H2L
2 are shown in Fig. 3. The molecular ion peaks, [M]+,
of the Schiff base ligands were not shown. In place of the
molecular ion peaks of the ligands, the fragmentation peaks
[M + 1]+ were shown at m/e 329 (100%), 349 (100%) and
355 (100%). In the ligand H2L
1, the decomposition products
at m/e 249 and 250 can be assigned to the [C13H17N2O3]
+
and [C13H18N2O3]
+ ions, respectively. All the ligands decom-
pose in a similar way.
The infrared spectral data of the ligands H2L
1–H2L
3 and
their polymer-anchored Schiff base ligands are given in the
experimental section. In the ligands, the bands in the 3500–
3250 cm1 range may be assigned to m(OAH) stretching. In
the spectra of the polymer-anchored Schiff base ligands PS–
H2L
1–PS–H2L
3 (Fig. 4), the m(OAH) stretching bands were
shown in the 3218–3024 cm1 range. In the spectra of the free
Schiff base ligands, the broad bands in the 2800–2700 cm1 -
range are assigned to the OH group vibration (ortho position)
associated intramolecularly with the nitrogen atom of the
CH‚N group (Dolaz and Tu¨mer, 2004). These bands disap-
pear in the complexes, as a result of proton substitution by(b) spectra of the Schiff base ligands in different solvents.
base ligands and their metal complexes: Investigation of their electrochemical,
(2015), http://dx.doi.org/10.1016/j.arabjc.2015.04.026
(a) PS-H2L3
(b) PS-L1-Co
(c) PS-L2-Ni
Figure 8 (a–c) Thermal curves of the polymer-anchored ligand PS-H2L
3 (a), PS-L1-Co (b) and PS-L2-Ni (c) complexes.
10 T. Erkenez, M. Tu¨mercation coordination to oxygen atom. For the ligands, the
strong bands observed in the 1643–1633 cm1 range are
assigned to the azomethine group vibration. These bands are
slightly shifted toward lower frequencies in the complexes,
and this change in the frequencies shows that the imine nitro-
gen atom coordinated to the Co(II), Cu(II) and Ni(II) ions.Please cite this article in press as: Erkenez, T., Tu¨mer, M. Polymer-anchoring Schiﬀ
photoluminescence, thermal and catalytic properties. Arabian Journal of ChemistryThe medium intensity bands observed for all ligands in the
1357–1353 cm1 range can be attributed to the phenolic
stretch. These bands are observed for the complexes at lower
or higher wave numbers by ca. 10–45 cm1 relative to the free
ligands suggesting involvement of the oxygen atom of the
CAO moiety in coordination (Demirelli et al., 2006). In allbase ligands and their metal complexes: Investigation of their electrochemical,
(2015), http://dx.doi.org/10.1016/j.arabjc.2015.04.026
Polymer-anchoring Schiff base ligands and their metal complexes 11of the present complexes, a medium and/or weak bands
observed in the 548–535 and 453–438 cm1 range can be
attributed to the m(MAO) and m(MAN) (Tu¨mer, 2007) modes,
respectively.
Cyclic voltammograms of the Schiff base ligands H2L
1–
H2L
3 were run in DMF-0.1 M Bu4NBF4 as supporting elec-
trolyte at 293 K. All potentials quoted refer to measurements
run at scan rates in the 100–1000 mV s1 range and against
an internal ferrocene–ferrocenium standard, unless otherwise
stated. The electrochemical studies were done in the 1 · 103
and 1 · 104 M solutions and obtained data are given in
Table 1. The selective voltammograms of the Schiff base
ligands H2L
1 (a) and H2L
2 (b) are shown in Fig. 5a and b.
The voltammograms were recorded in the range from 2.0
to 2.0 V vs Ag+/AgCl. In 1 · 103 M concentration solution
of the free Schiff base ligands, at 100–1000 mV/s scan rates,
the ligands have the anodic peak potentials in the 0.84 to
0.95 V range. The ligand H2L
1 has by difference anodic peaks
(one or two). On the other hand, the ligands H2L
2 and H2L
3
have only one anodic peak potential at all scan rates. The ano-
dic peak values of the ligand H2L
1 shift to the higher regions
depending upon the increase of the scan rates. The ligands
have two or three cathodic peak potentials in the 1.54 to
0.84 V region. By increasing the scan rate, the cathodic peak
values shifted to the negative regions. The ligands H2L
2 and
H2L
3 show the reversible redox processes at 0.51 and
0.57 V at 500 mV/s scan rate, respectively. At the other all
scan rates, the ligands have the irreversible redox processes.
In 1 · 104 M solution, while the ligands H2L1 and H2L2 show
one or two anodic peak potentials in the 0.84 to 0.38 V
range, the ligand H2L
3 shows only one anodic peak in the
range 0.51 to 0.07 V. On the other hand, the ligands show
two or three cathodic peak potentials in the 1.51 to 0.67 V
range, and all redox processes are irreversible. When the con-
centration of the solution of the ligands decreases to
1 · 104 M, the anodic and cathodic peak potentials’ data
were reduced.
In order to investigate the effects of the different concentra-
tions on the photoluminescence properties of the Schiff base
ligands H2L
1–H2L
3, DMF, CH3CN, EtOH and MeOH solu-
tions in 1.0 · 103–1.0 · 107 M range were used. The emis-
sion and excitation spectra of the Schiff base compounds
H2L
1–H2L
3 in 1.0 · 103 M solutions are given in
Fig. 6a and b and the obtained data are given in Table 2.Table 3 Catalytic oxidation of cyclohexane (CyH) and cyclooctane
Compounds %Conv %CyAOH %Cy‚O
PS-L1-Co(II) 56.50 2.20 0.40
PS-L1-Cu(II) 56.35 43.6 2.05
PS-L1-Ni(II) 64.85 7.80 1.25
PS-L2-Co(II) 73.85 17.40 1.05
PS-L2-Cu(II) 63.15 30.05 1.65
PS-L2-Ni(II) 53.35 8.0 1.45
PS-L3-Co(II) 26.90 7.45 0.20
PS-L3-Cu(II) 67.15 10.85 0.45
PS-L3-Ni(II) 43.70 18.85 1.65
a 0.02 mmol catalyst:2 mmol substrate (cyclohexane or cyclooctane):3 m
for each reaction.
b 400 W power was applied for 60 min. The reaction temperature and
vessels.
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in the 678–610 nm range was observed. In 1.0 · 103 M DMF
solution, the ligand H2L
1 has the longest wavelength (LW)
emission band in the visible region. In the CH3CN solutions
of the ligand H2L
1, the emission spectral data are shown in
the 662–660 nm range, and the wavelength was not changed
depending upon the concentration changes. The emission data
of the ligand H2L
2 were changed by decreasing the solution
concentration and, in the low concentrations, the bands were
shifted to the lower wavelengths. In the same solutions, the
emission data of the H2L
3 were not changed. In DMF solu-
tions, the emission bands of the ligands were observed in the
678–639 nm range, and the values were shifted to the shorter
wavelengths by decreasing the solution concentration. In the
EtOH and MeOH solutions, the bands were not shifted to
lower or higher wavelengths. As a result, while the low and
high concentrations of the solutions in the DMF and
CH3CN solvents affect the emission bands of the ligands, the
concentration differences in the EtOH and MeOH solvents
do not affect the emission bands. Polarity differences of the
solvents also affect the photophysical properties. By increasing
the solvent polarity, the emission and excitation bands were
shifted to the lower wavelengths. This situation may be due
to the hydrogen bonding. The Schiff base ligands have
hydroxy groups on the benzene rings. These groups have elec-
tron donating properties by mesomeric effect. As a result of
this situation, emission and excitation bands of the ligands
shift to the red region. However, while the ligand H2L
2 has
p-hyper conjugation effect, other ligands H2L
1 and H2L
3 have
p-conjugation effect on the benzenoid rings.
In the excitation spectra of the free ligands, one excitation
band in the 574–535 nm range was observed. In 1.0 · 103–
1.0 · 106 M CH3CN solutions, the ligand H2L1 has one exci-
tation band at 560 nm, but in 1.0 · 107 M solution, this
band was shifted to 574 nm. In a similar way, the ligand
H2L
2 has one excitation band at 574 nm in 1.0 · 103 M
CH3CN solution.
In order to investigate the thermal stability of the polymer-
anchoring compounds at the high temperatures, thermal stud-
ies were performed in the 20–1000 C temperature range under
the nitrogen atmosphere. Thermal curves of the PS-H2L
3, PS-
L1-Co and PS-L2-Ni complexes are shown in Fig. 7a–c. When
thermal stabilities of the free Schiff base ligands H2L
1–H2L
3
were investigated, decomposition of the ligands started atwith H2O2
a under microwave irradiation.b
%Conv %CyONAOH %CyON‚O
82.9 6.50 0.95
88.75 0.50 2.35
83.35 0.55 2.10
86.60 9.0 15.0
88.45 15.30 2.05
80.20 19.0 4.85
80.20 0.35 1.40
83.15 1.05 1.10
78.55 1.40 4.25
mol hydrogen peroxide (1:100:150) and 5 mL acetonitrile were used
pressure were held at around 140 C and 30 bar in closed DAP60
base ligands and their metal complexes: Investigation of their electrochemical,
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12 T. Erkenez, M. Tu¨mer200 C. Polymer anchoring Schiff base ligands are stable up
to 310 C temperature. In the TGA curves of the polymer sup-
ported Schiff base ligands, the decomposition process occurs in
the 390–500 C temperature range. The ligands decompose inTable 4 Catalytic oxidation of cyclohexane (CyH) and cyclooctane
Compounds %Conv. %CyAOH %Cy
PS-L1-Co(II) 52.90 20.0 5.65
PS-L1-Cu(II) 8.35 25.45 10.25
PS-L1-Ni(II) 30.0 25.1 12.85
PS-L2-Co(II) 37.05 20.85 3.50
PS-L2-Cu(II) 44.0 21.25 4.65
PS-L2-Ni(II) 36.6 19.70 4.60
PS-L3-Co(II) 50.05 26.40 18.45
PS-L3-Cu(II) 60.05 24.75 4.45
PS-L3-Ni(II) 69.75 19.35 3.40
a 0.02 mmol catalyst:2 mmol substrate (cyclohexene or styrene):3 mmo
each reaction.
b 400 W power was applied for 60 min. The reaction temperature and
vessels.
(a) Merrifield resin (PS) 
(b) PS-L3-Co  
Figure 9 (a–d) Scanning electron micrograph (SEM) images of the po
L3-Cu (c) and PS-L3-Ni catalyst (d).
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port ligands moves away from the molecules in the 390–394 C
temperature range. They are decomposed to the CO2, H2O and
nitrogen oxide molecules. In the second step, the Merriﬁeldwith H2O2
a under microwave irradiation.b
‚O %CyAox %Conv. %StrAOx
2.15 36.70 2.55
3.70 46.95 3.05
2.85 28.6 4.40
4.50 26.35 3.85
7.40 53.20 2.75
6.20 31.95 4.20
0.10 61.25 1.05
0.05 30.20 1.10
0.10 98.10 4.15
l hydrogen peroxide (1:100:150) and 5 mL acetonitrile were used for
pressure were held at around 140 C and 30 bar in closed DAP60
(c) PS-L3-Cu  
(d) PS-L3-Ni
lymeric support (a), polymer-supported PS-L3-Co complex (b), PS-
base ligands and their metal complexes: Investigation of their electrochemical,
(2015), http://dx.doi.org/10.1016/j.arabjc.2015.04.026
(a) PS-L2-M(II) for cyclohexane oxidation. 
2(b) PS-L -M(II) for cyclooctane oxidation. 
(c) PS-L2-M(II) PS-L2-M(II) for cyclohexene oxidation. 
(d) PS-L2-M(II) PS-L2-M(II) for styrene oxidation. 
Figure 10 (a–d) Inﬂuence of the complexes in cyclohexane, cyclooctane, cyclohexene and styrene oxidation under microwave irradiation.
0.02 mmol catalyst:2 mmol alkane (alkene):4 mmol hydrogen peroxide (1:100:200) and 5 mL acetonitrile were used for each reaction.
300 W power was applied for 30 min. The reaction temperature and pressure were held at around 100 C and 30 bar in closed DAP60
vessels.
Polymer-anchoring Schiff base ligands and their metal complexes 13resin is decomposed up to the 500 C temperature. In the DTA
curves, the losses of the ligand and solid support part were
shown as the endothermic peaks. In the TG curves of the com-
plexes, different decomposition processes were shown. The
complexes of the ligand PS-H2L
1 decompose in three steps.
The TGA curves of the complexes show that decomposition
of the organic structure mainly occured in two steps from
350 to 430 C temperature range, which are related to the main
weight loss. In the last step, the metal oxides occured. In the
DTA curves of the complexes, decomposition processes are
shown as the endothermic peaks. As distinct from the com-
plexes of the ligand H2L
1, TGA curves of the complexes of
the ligands PS-H2L
2 and PSH2L
3 show the loss of the coordi-
nated water molecules and chloride ions at the lower tempera-
tures. All these suggest that the supported catalysts were very
stable and could be used within a broad temperature scale.
Scanning electron micrograph (SEM) was also recorded to
investigate the surface of the polymer-anchoring Schiff bases
and their transition metal complexes. SEM images of the free
PS, PS-L3-Co, PS-L3-Ni and PS-L3-Cu complexes are shown
in Figs. 8a–d. When the polymeric support (PS) and Schiff
base ligands interact, their surface morphologies change. The
Schiff base ligands accumulate on the polymer surface. If the
required metal complexes of the polymer anchoring Schiff base
ligands are obtained, the metal salts and the polymer support
ligands interact. When the obtained polymeric complexes are
investigated, the appearance of the pores on surface of the
metal complexes proves that the imprinting of the cobalt, cop-
per and nickel ions on polymer anchoring Schiff base ligandsPlease cite this article in press as: Erkenez, T., Tu¨mer, M. Polymer-anchoring Schiﬀ
photoluminescence, thermal and catalytic properties. Arabian Journal of Chemistrycould leave their footprints which increase the number of pores
in the surface. This behavior may be attributed to the coordi-
nation of the metal ions to the active sites of the ligands.
In order to investigate the catalytic activity of our catalysts,
a set of additions of the alkane to alcohol and ketone (or
alkene to epoxide) under several conditions were carried out
(Tables 3 and 4). Solvent, reaction time, temperature, and cat-
alyst loading were investigated. Inﬂuence of the complexes in
cyclohexane, cyclooctane, cyclohexene and styrene oxidation
under microwave irradiation is shown in Fig. 9. The binuclear
PS-L2-Cu and PS-L3-Cu complexes showed the higher cat-
alytic activity than the mononuclear PS-L1-Cu complex on
cyclohexane and cyclohexene substrates. This situation may
be due to the structure of the ligands. In the complexes, the
p–p* electron delocalization phenomena may occur. This situ-
ation may affect the oxidation reaction. The best selectivities
of the desired products CyAOH and Cy‚O were obtained
in the Cu(II) complex (Table 3 and Fig. 9). Although the turn-
over of the cyclooctane is very high for the complexes, the
yields of desired products (alcohol and ketone) are very low.
This situation was also shown in the epoxidation of the styr-
ene. The catalytic activity of the complexes in the alkane oxi-
dation and alkene epoxidation was determined as low (see
Fig. 10).
4. Conclusion
In this study, we obtained polymer-anchoring Schiff base com-
pounds PS-H2L
n (n: 1, 2, 3) and their Co(II), Cu(II) and Ni(II)base ligands and their metal complexes: Investigation of their electrochemical,
(2015), http://dx.doi.org/10.1016/j.arabjc.2015.04.026
14 T. Erkenez, M. Tu¨mertransition metal complexes. Electrochemical and photolumi-
nescence properties of the free Schiff base ligands H2L
1–
H2L
3 were investigated and their interesting features were
found. In the photophysical studies, the emission and excita-
tion data at the higher wavelengths were obtained. Mostly,
the ligands have irreversible redox properties. From the
SEM images of the polymer-anchoring Schiff base ligands
and their metal complexes, we determined the interaction
between the metal ions and solid support ligands. In the cat-
alytic studies, we found that the selectivity of the catalysts is
low.
Acknowledgment
This study was supported by Scientiﬁc Research Projects Unit
of K. Maras Su¨tc¸u¨ _Imam University (Project code: BAP-
2013/1-13 YLS), (Turkey).
References
Che, C.M., Leung, W.H., Poon, C.K., 1987. Journal of the Chemical
Society, Chemical Communications, 173.
Das, B.K., Clark, J.H., 2000. Chemical Communications, 605.
De, B.B., Lohray, B.B., Sivaram, S., Dhal, P.K., 1994.
Macromolecules 27, 1291.
Demirelli, H., Tu¨mer, M., Go¨lcu¨, A., 2006. Bulletin of the Chemical
Society of Japan 79 (6), 867.
Dolaz, M., Tu¨mer, M., 2004. Trans. Met. Chem. 29 (5), 516.
Ficht, S., Mulbaier, M.M., Giannis, A., 2001. Tetrahedron 57, 4863.
Gauli, K., Ram, R.N., Soni, H.P., 2005. Journal of Molecular
Catalysis A: Chemical 242, 161.Please cite this article in press as: Erkenez, T., Tu¨mer, M. Polymer-anchoring Schiﬀ
photoluminescence, thermal and catalytic properties. Arabian Journal of ChemistryKhan, M.M.T., Chatterjee, D., Merchant, R.R., 1991. Journal of
Molecular Catalysis A: Chemical 66, 1.
Kockritz, A., Sebek, M., Dittmar, A., Radnik, J., Bruckner, A.,
Bentrup, U., Pohl, M.-M., Hugl, H., Magerlein, W., 2006. Journal
of Molecular Catalysis A: Chemical 246, 85.
Lei, Z., 2000. Reactive & Functional Polymers 43, 139.
Liu, C., Tang, T., Huang, B., 2001. Journal of Polymer Science Part A:
Polymer Chemistry 39, 2085.
Maurya, M.R., Kumar, M., Kumar, A., Pessoa, J.C., 2008. Dalton
Transactions, 4220.
Merriﬁeld, R.B., 1963. Journal of the American Chemical Society 85,
2149.
Antony, R., Tembe, G.L., Ravindranathan, M., Ram, R.N., 2000.
Eur. Polym. J. 36, 1579.
Otaigbe, J.O.E., Banks, R.E., Smith, S., 1998. British Polym. Journal
20, 53.
Patel, S.A., Sinha, S., Mishra, A.N., Kamath, B.V., Ram, R.N., 2003.
J. Mol. Cat. A: Chem. 192, 53.
Phillips, R.G., Fritz, J.S., 1982. Analytica Chimica Acta 139, 237.
Roice, M., Kumar, K.S., Pillai, V.N.R., 2000. Tetrahedron 56, 3725.
Sasaki, T., Matsunaga, F., 1968. Bulletin of the Chemical Society of
Japan 41, 2440.
Takahashi, M., Tsuji, A., Chiba, M., Itsuno, S., 2005. React. & Funct.
Polym. 65, 1.
Tu¨mer, M., 2007. Journal of Coordination Chemistry 60, 2051.
Tu¨mer, M., 2011. Synth. React. Inorg. Met. Org. Nano-Met. Chem.
41, 211.
Valodkar, V.B., Tembe, G.L., Ravindranathan, M., Ram, R.N.,
Rama, H.S., 2003. J. Mol. Cat. A: Chem. 202, 47.
Valodkar, V.B., Tembe, G.L., Ravindranathan, M., Ram, R.N.,
Rama, H.S., 2004. J. Mol. Cat. A: Chem. 208, 31.
Wang, Y., Chang, Y., Wang, R., Zha, F.J., 2000. Mol. Catal., A:
Chem. 159, 31.base ligands and their metal complexes: Investigation of their electrochemical,
(2015), http://dx.doi.org/10.1016/j.arabjc.2015.04.026
